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Open access under CC BYWe imaged an oil-wet sandstone at residual oil saturation (Sor) conditions using X-ray micro-tomography
with a nominal voxel size of (9 lm)3 and monochromatic light from a synchrotron source. The sandstone
was rendered oil-wet by ageing with a North Sea crude oil to represent a typical wettability encountered
in hydrocarbon reservoirs. We measured a signiﬁcantly lower Sor for the oil-wet core (18.8%) than for an
analogue water-wet core (35%). We analysed the residual oil cluster size distribution and ﬁnd consistency
with percolation theory that predicts a power-law cluster size distribution. We measure a power-law
exponent s = 2.12 for the oil-wet core which is higher than s for the water-wet system (s = 2.05), indicat-
ing fewer large clusters in the oil-wet case. The clusters are rough and sheet-like consistent with connec-
tivity established through layers in the pore space and occupancy of the smaller pores; in contrast the
clusters for water-wet media occupy the centres of the larger pores. These results imply less trapping
of oil, but with a greater surface area for dissolution. In carbon storage applications, this suggests that
in CO2-wet systems, capillary trapping is less signiﬁcant, but that there is a large surface area for disso-
lution and reaction.
 2012 Elsevier Inc. Open access under CC BY-NC-ND license. 1. Introduction
The displacement of a ﬂuid in a porous medium by a second
immiscible or partially miscible ﬂuid is a fundamental process
which is relevant for many technological applications. Possible
driving forces for such a two-phase displacement process can be
externally applied viscous or gravity forces which push the displac-
ing ﬂuid through the porous medium. A residual phase of the dis-
placed ﬂuid remains in the porous medium. This residual phase can
be advantageous such as in carbon geo-sequestration, where resid-
ual trapping of displaced CO2 could ensure long-term storage [1,2],
or it can be a signiﬁcant problem, in, for instance, waterﬂooding for
oil recovery, where large volumes of oil can remain in the subsur-
face and cannot be produced (the residual oil saturation, [3]). An-
other example where a residual phase is problematic is an
aquifer contaminated by hazardous industrial non-aqueous sol-
vents which cannot be completely removed from the subsurface
through displacement with water or other immiscible ﬂuids. It islauer).
-NC-ND license. important to understand the characteristics of the residual phase,
including saturation, cluster size distribution, and cluster morphol-
ogy to aid the design of improved oil and pollutant recovery, and
ensure secure CO2 storage.
Speciﬁcally, the residual CO2 saturation determines the effec-
tiveness and capacity of the residual trapping mechanism in car-
bon geo-sequestration projects [4,5], while the cluster size
distribution and interfacial CO2-brine areas affect the rate of CO2
dissolution in formation brine (dissolution trapping [6]). Smaller
CO2 clusters dissolve faster in brine, which accelerates dissolution
trapping [7,8] and subsequently mineral trapping when the species
in the carbonated brine react with themselves or the host rock [9].
The residual phase saturation is a complex function of the pore
morphology of the porous medium, the ﬂuid–ﬂuid interfacial ten-
sion and the solid-ﬂuid-ﬂuid contact angle distribution [10,11].
The trapping of oil and CO2 has been measured in core-scale
(cm) experiments, but these do not reveal the pore-scale distribu-
tion of trapped clusters (see, for instance [5,12]).
Recently X-ray micro-computed tomography (l-CT) has been
used to image the rock and resident ﬂuids at the pore (lm) scale.
Several researchers have imaged residual saturations in porous
media [13–20]. In previous work [14,15], the cluster size distribu-
tions of oil (n-octane) and super-critical CO2 trapped by brine were
compared for water-wet Doddington sandstone. Clusters of all size
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trapping of CO2 was seen, consistent with core-scale experiments,
that was interpreted as an indication of weakly water-wet condi-
tions [5]. For CO2, fewer small trapped clusters and more large
clusters were present, compared to trapping of oil in a strongly
water-wet system.
Most oil reservoirs are not water-wet, but display oil-wet or
mixed-wet conditions due principally to the sorption of complex,
surface-active compounds in the crude oil to the rock surface
[21–23]. In a CO2 context, organic contaminants or clays may result
in effectively CO2-wet conditions. Furthermore, CO2 storage may
be implemented in mature oil ﬁelds [24], where it is likely – for
the reasons above – that CO2-wet conditions will be encountered,
as observed directly in contact angle measurements [25].
Al-Raoush [18] studied the distribution of trapped oil in bead
packs as the fraction of oil-wet beads was changed. The clusters
became smaller with more oil-wet conditions. Landry et al. [19]
compared trapping for water-wet and oil-wet bead packs and mea-
sured interfacial areas. They too observed that there were more
small clusters under oil-wet conditions. In these two studies, wet-
tability was altered by using acrylic plastic beads and the porous
medium itself was not necessarily representative of consolidated
reservoir rocks. Kumar et al. [20] investigated the residual oil phase
in a mixed-wet dolomite core and found only a slightly reduced
Sor (32%) when compared to an analogue water-wet sample
(Sor = 35%). Their mixed-wet core was prepared with a stearic-acid
in heptane solution which may not be representative of crude oil,
that has a signiﬁcantly more complex composition. It is possible
that this core was still weakly water-wet after treatment.
In this paper, we age a sandstone in crude oil to reproduce the
likely wettability alteration observed in oil reservoirs, and study
the morphology and cluster-size distribution of trapped clusters.
We compare with measurements on an unaltered, water-wet rock.
We only consider the trapping of oil and do not study three-phase
(oil, brine and gas, or CO2) systems.2. Materials and methods
The properties of the ﬂuids used in this study are listed in Ta-
ble 1. n-decane was used as the oil phase and brine doped with
10 wt% potassium iodide (to enhance CT contrast) was the aqueous
phase. A North Sea reservoir crude oil (composition is shown in Ta-
ble 2) was used to render the surface of the sandstone contacted by
crude oil-wet (ageing). The ageing process is described in detail be-
low. After ageing, the crude oil was miscibly displaced from the
pore space by decahydronaphtahlene followed by n-decane.
The SARA (Saturates, Aromatics, Resins and Asphaltenes) com-
ponents in the crude (Table 2) were measured using standard HPLC
methods [26]. The procedure is outlined below:
Preparation. 1 g crude oil was mixed with 36 ml n-hexane to
force asphaltene precipitation. 3 ml maltenes were extracted from
the top, without disturbing the precipitated asphaltenes, and
placed in a new bottle.
Saturates and aromatics. 25 ll maltenes were injected into a LC-
20AT prominence liquid chromatograph (Shimazu) to evaluateTable 1
Fluid properties.
Fluid Density @ 293 K (kg/m3) Density @ 353 K
Brine (10 wt% KI) 1030
n-Decane 730 680
Decahydronaphthalene 890 –
Crude oil 850 850presences of saturates and aromatics with a single ring and two
rings, respectively.
Resins. 2.5 ml oil and n-hexane mixture were introduced to a
LC-20AT prominence liquid chromatograph with a lBondpak
NH2 column mounted in the system. The resins were adsorbed
in the cell due to its polarity. The resins were ﬂushed out of the col-
umn, collected in clean bottles and weighed to quantify the
amount of resin.
Asphaltenes. The remaining oil and n-hexane mixture, with
asphaltene precipitation, was ﬁltered through small ﬁlters with
the aid of a vacuum pump, and allowed to dry overnight. The
amount of asphaltene was quantiﬁed by mass measurement.
A clean, well sorted, relatively homogeneous sandstone outcrop
(Clashach) was used in this study. Clashach is a quarried sandstone
from Elgin in Scotland (located close to Aberdeen); petrophysical
and petrochemical properties of Clashach are displayed in Table 3.
Cylindrical sandstone plugs were drilled with a diameter of 5 mm
and lengths 10–15 mm.
The cores were housed in ﬂow cells which were designed to
perform at both room temperature and ageing temperature
(353 K = 80 C). Each cell consisted of metal end pieces, polyester
heat shrink tubing (curing temperature 473 K = 200 C) and a two
component epoxy resin, Fig. 1. The epoxy layers were cut on a lathe
to create a smooth cylindrical surface (which results in better mi-
cro-tomography (l-CT) images).
Wettability alteration. The core plug in the ﬂow cell was satu-
rated with doped brine under vacuum (<100 Pa). The ﬂow cell
was then placed in an oven (353 K) at ambient pressure and crude
oil was injected through the core plug. The crude oil was previ-
ously ﬁltered through a chalk ﬁlter to remove impurities [28].
During ageing, crude oil was injected through the core plug at a
constant injection rate (5 ml/hr; this corresponds to a capillary
number Ncap = vl/r = 3.8  104) to displace brine from the pore
space and establish connate water saturation (Swc) during primary
drainage. The injection rate was reduced to 1 ml/hr when brine
production stopped and Swc was reached. The small ﬂuid volumes
made it difﬁcult to accurately measure the average water satura-
tion at Swc via mass balance; we assume that Swc in the small core
is equal to the Swc in the larger core (=0.44), see details below.
Fresh crude oil was continuously supplied to the cores to enhance
the wettability alteration process [29]. The ﬂow of crude oil
through the cores was periodically stopped during ageing to re-
duce the effect of a ﬂowing crude oil on slow rock/brine/crude oil
interactions. The direction of ﬂow was reversed after 5 days, with
a total ageing time of 10 days. After ageing, the crude oil was mis-
cibly displaced from the core by injecting more than 5 PV (pore
volumes) of decahydronaphthalene followed by 5 PV of n-decane.
Decahydronaphthalene was injected to avoid direct contact be-
tween crude oil and n-decane to reduce asphaltene precipitation
[30]. n-decane was used as the oil phase after ageing to avoid fur-
ther ageing by the crude oil, to improve the reproducibility and to
simplify the oil chemistry [31,32]. After ageing and crude oil ex-
change by n-decane, the oven was turned off and the core plug(kg/m3) Viscosity @ 293 K (mPa s) Viscosity @ 353 K (mPa s)
1.07
0.92 0.40
0.85 –
14.3 2.7
Table 3
Petrophysical and petrochemical properties of Clashach sandstone.
Sandstone Porosity Brine
permeability
(m2)
Surface
areaa
(m2/g)
Chemical
compositionb
(wt%)
Clashach 0.144 9.6  1014 0.37 a-quartz 96
K-feldspar 2
Calcite 1
Ankerite 1
Illite trace
a [27].
b Measured via X-ray diffraction on a Philips PW1830 diffractometer.
Table 2
Crude oil composition.
Acid number Base number Refractive index Mass% saturates Mass% aromatics Mass% resins Mass% asphaltenes
0.41 ± 0.02 1.4 ± 0.1 1.4834 61 ± 3 20 ± 1 19 ± 1 0.59 ± 0.03
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was then waterﬂooded with 10 PV of brine at a capillary number
of 107; we assume that analogous to the large core (see below)
this established a uniform residual oil saturation (Sor). We assume
that this leaves the minimum, disconnected oil saturation. How-
ever, as we discuss later, the oil may continue to drain slowly
through oil layers with continued waterﬂooding.
To quantify the wettability of the aged cores, an independent
Amott experiment [33] was conducted on a separate larger sample
(diameter = 38.1 mm, length = 76.6 mm) which was aged in the
same way as the small core. The core was oil-ﬂooded to
Swc = 0.44 and immersed in brine in a glass cell at ambient condi-
tions; spontaneous imbibition of brine into the core was measured
over 1000 h. No oil was produced and no brine spontaneously im-
bibed into the core. The core plug was then waterﬂooded with 50
PV of brine at a capillary number of 107 to establish residual oil
saturation. No oil production was observed visually after injection
of 1–2 PV of brine; Sor was measured to be 11%. This is lower than
measured from the l-CT experiment, 18.8%, where less water was
injected. This could be due to continued oil layer drainage in this
experiment, or differences in the averaged behaviour of the two
cores, which are of different size. This is discussed further later
in the paper. The core was then placed in an inverted glass cell
ﬁlled with oil to measure the spontaneous imbibition of oil. Pro-
duced water as a function of time was measured for 1000 h
(41 days). The core plug was then oil-ﬂooded with 50 PV of oil at
a capillary number of 107 to establish connate water saturation.
The endpoint water saturations after each process were used to
calculate the Amott water and oil indices (the fraction of the total
change in saturation achieved by imbibition) Iw = 0 and Io = 0.1.Fig. 1. Flow cell for ﬂuid injection during wettability alteration and waterﬂooding of c
diameter of 5 mm and a length of 15 mm. The white tube is the polyester heat shrink slee
inlet and outlet pieces (not shown completely).The calculated Amott-Harvey index [33] for the aged core was
IAH = Iw  Io = 0.1. A negative IAH index indicates oil-wet condi-
tions, and the interval [0.3; 0.1] is classiﬁed as weakly oil-wet
[19]. The core investigated here is therefore weakly oil-wet.
A l-CT image of the small core at Sor conditions was then ac-
quired using monochromatic X-rays (30 keV photon energy) at
the SYRMEP beamlime (Elettra light source, Trieste, Italy). The ob-
tained l-CT images were cleaned of ring artefacts [34], ﬁltered
with an anisotropic regularisation ﬁlter [35] and segmented with
a multi-thresholding method based on Otsu’s algorithm [36]
(Fig. 2).3. Results and discussion
We measured porosity and residual oil saturation on the l-CT
images, Tables 3 and 4; the l-CT porosity value was consistent
with an independent porosity measurement using Helium pyc-
nometry [14]. Sor in the oil-wet core (18.8%) was lower than the
Sor in an analogous water-wet system (35%), Table 4; this is consis-
tent with larger scale core ﬂoods cited in the literature [11] and Sor
measured on the larger core for the Amott test ( = 11%). As men-
tioned previously, the lower Sor value in the Amott test may be a
consequence of the larger number of PV of brine injected. In an
oil-wet system, oil layers, sandwiched between water remaining
in the corners of the pore space and water in the centre, retain con-
nectivity of the oil phase, allowing, slowly, low residual saturations
to be achieved, with the remaining oil saturation declining with PV
injected – this is consistent with the lower Amott test Sor [11]. This
behaviour is reﬂected in the shape and locations of the residual oil
clusters. In the oil-wet case, the trapped oil is located close to the
solid surface (in layers) or occupies the smaller pores (see Fig. 2b).
The largest clusters span many pores, consistent with connectivity
through layers and smaller pores, since the structures are thin,
resembling crumpled sheets (Fig. 3a and b). The water-wet case
is very different [14], with oil occupying the centres of the larger
pores. The smallest clusters are broadly spherical in shape, centred
in a single pore, while the larger clusters – see Fig. 3c – are overall
fatter and reﬂect the connectivity of the widest pore spaces. The
behaviour is also distinctly different in a super-critical CO2-brine
system. Sr (the residual phase here is CO2) is lower – around 25%
– but there are fewer small clusters and more large ones; speciﬁ-
cally we measured a power-law cluster size distribution exponent
of 2.01 [15]. This is interpreted as the CO2 being only weaklyore plugs imaged using X-ray micro-tomography. The core (yellow–brown) has a
ve and the blue volume is the epoxy resin. To the left and right are the stainless steel
Fig. 2. Images showing the oil-wet core after waterﬂooding (nominal voxel size was (9 lm)3): (a) two-dimensional slice through the core; oil is black, brine dark grey and
rock light grey. The area displayed is 2.7 mm  2.7 mm = 7.29 mm2 (300  300 pixels), (b) the same image segmented; oil is black, brine dark grey and rock is white, (c)
residual oil clusters (red) and surrounding brine (blue) in three dimensions; the volume displayed is 2.808 mm  3.222 mm  2.88 mm  26.06 mm3 (312  358  320 vox-
els), and (d) Residual oil clusters (red) in three dimensions; the volume displayed is also 312  358  320 voxels.
Table 4
Residual oil cluster statistics in water-wet and oil-wet Clashach sandstone.
Water-wet Oil-wet
Sor measured
via l-CTa
Sor measured via
core ﬂoodb
sa Sor measured
via l-CT
s
0.35 0.37 2.05 0.188 2.12
a [14].
b [40].
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small stranded clusters. In this case, the CO2 is still the non-wetting
phase and so preferentially resides in the centres of the large pores.
Hence Sor alone does not predict the cluster size distribution.
We then counted the number N of residual oil clusters of size s
(in voxels). We deﬁne the cumulative cluster size distribution
SðsÞ ¼P1s snðsÞ / ssþ2 [37] where n(s) = N(s)/Nt and Nt is the total
number of pore-space voxels. Percolation theory predicts that the
number N of disconnected clusters of size s scales as N / ss [38]
with s = 2.189 [39]. We plot S(s) (S(1) is the residual saturation)
and n(s) versus s on logarithmic axes. With the best ﬁt to the data
we obtain s = 2.12, which is higher than in the water-wet case
(s = 2.05; which was measured for two different sandstone out-
crops, Clashach and Doddington [14]), Table 4 and Fig. 4. We ﬁnd
clusters of all size, from those occupying single pores (s around
10 voxels) to clusters that span the system (s around 10,000).The difference in the values of s indicates that there are fewer large
clusters in the oil-wet case, consistent with other studies [18,19].
In water-wet media, trapping is controlled by snap-off, where
water spontaneously ﬁlls the narrow regions of the pore space
stranding the non-wetting phase (oil) in the larger pores [41]. In
oil-wet rocks, oil remains connected through layers and will con-
tinue to drain until very low saturations are reached [42]: in our
experiments we imaged the saturation distribution after 10 PV of
water had been injected which may not represent a truly residual
or disconnected saturation. We cannot image features smaller than
9 lm, which means that many of the thinner oil layers cannot be
directly observed. As a consequence, clusters that we identify as
isolated may be connected through thin layers below the resolu-
tion of the scanning.4. Conclusions
We have presented l-CT measurements of the residual oil
saturation, residual cluster size distribution and cluster morpholo-
gies in an oil-wet sandstone, we observed a signiﬁcantly lower oil
saturation in the oil-wet core (18.8%) than in an analogue water-
wet sandstone (35%, [14]), or in a CO2/brine/sandstone system
(25%, [15]). This is consistent with core-scale measurements
[4,5,11,12,43].
We observed that the residual cluster morphologies in the oil-
wet sandstone were signiﬁcantly different to those observed in
Fig. 4. Residual oil cluster distributions in water-wet and oil-wet Clashach
sandstone. S(s) is the cumulative, measuring the fraction of the pore space occupied
by clusters of size s or larger, while n(s) is the normalised cluster size distribution. s
is the cluster size measured in voxels.
Fig. 3. (a) The four largest residual oil clusters in the oil-wet sandstone (size 10917–15653 voxels), (b) medium sized residual oil clusters (purple = 1000–1100 voxels and
orange = 500–600 voxels) in the oil-wet sandstone, and (c) residual oil clusters in water-wet sandstone; the largest cluster has a volume of 25193 voxels [14]. The residual
clusters in the oil-wet rock have a ﬂatter sheet-like structure, in layers and ﬁlling small pores, while the clusters in water-wet rock occupy the centres of the wider pore
spaces.
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distinctly sheet-like ﬂat geometry, while in the water-wet sample
the residual clusters were more spherical. The residual clusters in
the oil-wet sandstone were mostly located adjacent to the rock
surface and more frequently in smaller pores, while in the water-
wet rock these clusters were located in the middle of the larger
pores. These ﬁndings can be explained using previous theoretical
and micro-model analysis of the effects of contact angle on the
pore-scale conﬁgurations of ﬂuid [23,41].
In terms of cluster size distribution we measured a higher
power-law cluster size distribution exponent s (=2.12) in the oil-
wet system than in the water-wet system (s = 2.05) or a CO2/brine
system (s = 2.01), which indicates that there are more small clus-
ters in the oil-wet case, as seen previously in bead pack experi-
ments [18,19].
The broad cluster size distribution implies: (a) a large surface
area for dissolution (and reaction in the case of CO2), especiallywhen the likely effect of layers is taken into account; (b) that in
carbon geo-sequestration applications less CO2 will be trapped in
CO2-wet systems by the residual trapping mechanism; (c) an im-
proved oil recovery from oil-wet reservoirs if signiﬁcant volumes
of water are injected; and (d) a potentially improved clean-up efﬁ-
ciency of industrial non-aqueous solvents in oil-wet formations.
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